generated. This in turn allows prediction of the probability of the largest forces that occasionally occur at various flow rates. This information is vital in designing an appropriate support for the piping system, to cater the maximum force over a long period of operation. Besides, this information is also important in selecting a pipe material or material for connections suitable to withstand fatigue failure, by reference to the S-N curves of materials. In many cases, large numbers of response cycles may accumulate over the life of the structure. By knowing the force distribution, 'cumulative damage' can also be determined; 'cumulative damage' is another phenomenon that can cause fatigue, apart from the reversal maximum force.
Abstract
In this paper, the resultant hydrodynamic force ( R F , where
) acting on pipe bends will be discussed. A hypothesis that the peak (resultant) forces, peak , R F acting on pipe bends can be described by the normal distribution function will be tested, with the purpose of predicting the mean of the 
Introduction
Slug flow is difficult to model in that slugs have varying lengths, densities, and configurations; the forces acting on pipe bends or other pipe fittings vary with the slugs.
Distribution analysis of the resultant forces acting on pipe bends, due to the hydrodynamic behaviour of slug flow, may be applied to serviceability checks and fatigue cycle counting. This provides guidance to the designer whether or not the dynamics are of importance i.e. not safely covered by fatigue load factors in conventional checks. A brief summary of metal fatigue is attached in the Appendix. Santana et al. (1993) reported that two-phase slug flow has been evident in the piping systems at ARCO's Kuparuk River Unit, North Slope, Alaska since shortly after startup in 1981. They further reported that the forces associated with slug flow had caused excessive movement of partially restrained piping. Unrestrained elbows, tees and vessel nozzles and internals were subject to deformation and cyclic stress. Eventually, the magnitude and number of stress reversals caused fatigue cracking in piping branch connections and a pressure vessel nozzle. They mentioned that research had been carried out on the impacts of slug flow on their operating facilities. ARCO installed a data acquisition system that records historic information such as the frequency of slugs and accompanying stress reversals for a time period of a year or more, to provide an accurate indication of the number and magnitude of stress reversal cycles experienced by piping, vessel, and support structures. This will have allowed fatigue usage of the components of ARCO's modified design to be estimated, and it will also have been useful in predicting the remaining fatigue life of the components. However, Santana et al. give no detail of the data acquired.
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The linear cumulative damage rule as defined by Miner (1945) is used in the majority of fatigue life calculations. This rule assumes that if a bend has received 1 n cycles at 1 stress for which the expected number of cycles to failure is 1 N then a fraction 1 1 N n of the useful life is used up (Alexander & Brewer, 1963) . The 'cumulative damage' is calculated as: A design value less than unity is generally used. Cook and Claydon (1992) reported that tests have shown significant scatter and a marked load order dependency and values of cumulative damage between 0.3 and 3 have been obtained. Despite this load order dependency, there has been no physical basis supporting the assumptions behind Miner (1945) 's rule; although this has widespread usage in service life prediction in early stages of design. Cook & Claydon (1992) further mentioned that in order to account for such a large scatter in fatigue test data and variability in critical damage constant defined above, a factor of 1/5th or less is typically used in design life calculations.
In addition, investigation showed the fatigue strength of un-welded pipe is twice of the welded pipes, as a result of high stress concentration on the notch at the weld root (Gurney, 1968) . At a pipe bend there are higher stresses than exist in adjoining straight runs of pipe (Gurney, 1968) . Under an applied bending moment the cross-section of the pipe tends to become oval, as shown in Figure 1 . The fatigue strength of a bend will be a function, by a factor less than unity, of the fatigue strength of the material. Figure 1 The effect of applying a bending moment to a pipe bend is to cause ovalling of the pipe with consequent high transverse bending stresses at the 'neutral axis'.
The usefulness of the research is not confined to conventional bends. In oil and gas production systems, typical seabed connections are divided into four generic groups: elastomeric flex, mechanical hose, flexible hose and metal flex joints. Nevertheless, all these joints are exposed to the risk of fatigue failure (Goodfellow Associates, 1986 ).
Most of the components are made of steel. In certain circumstances titanium with better fatigue performance than steel, as shown in Figure A .1, may be used for metal flex joints to provide a cost-effective solution (Goodfellow Associates, 1986 ).
Established studies have been done on the fatigue characteristic of various metals in many shapes and different operating and aging conditions. Numerical information is readily available (Gatts, 1961; Gurney, 1968; Hilsenkopf, 1988; Kitching, 1979; Klesnil & Lunáš, 1992; Pope, 1959; Shalaby & Younan, 1999 and Tottle, 1984 .
Experiment set-up
Force on pipe bends due to slug flow is an unsteady-state phenomenon. Therefore, it is pertinent to obtain time varying measurements of the impact and some slug characteristics, including slug velocity, liquid hold-up and pressure at the inlet and outlet of the bend that contribute to this impact. It has been shown that isolating the bend from the upstream and downstream pipe works is vital (Tay and Thorpe, 2002 , 2004 , 2014 Fairhurst, 1983; Hargreaves and Slocombe, 1998) . The experimental data discussed in this paper was collected from the same experimental rig used by Tay & Thorpe (2002 , 2004 , 2014 . A short description of the experimental setup is given below.
The experimental rig was set up where air and water were mixed via a T-mixer and fed to the flow system. The flow then ran through a 9 m horizontal run, where slug flow is developed (naturally downstream of the T-mixer at certain gas and liquid velocities), followed by a bend set-up ( Figure 2 ) and a 3.0 m horizontal pipe, and finally discharged at atmospheric pressure into an opened-top slug catcher. Water collected in the slug catcher was returned to a water tank and re-circulated.
A o 90 stainless steel bend of radius 105 mm and an internal diameter of 70 mm, which gives a bend radius to pipe diameter ratio of
, was setup as shown in Figure 2 .
Gaps of 3 mm were allowed between the bend and upstream and downstream pipe works, to minimize structural transmission to and from the pipe bend, where force measurements were taken. The gaps were closed from the external pipe wall using two sets of bellows, see Figure 3 . This setup reduced the disturbance on the main stream due to the sudden increase and decrease in the flow area and eliminated the disturbance on the mainstream due to the corrugated surface of the bellows (Tay and Thorpe, 2014) . The bend was fixed onto the preload set with a quartz force sensor (Kistler, 9167A1.5) clamped in between. This sensor contains quartz rings that are sensitive to shear and so measures the force components Fx and Fy. Continuous measurement of  x and  y component forces is possible to give time-dependent force traces with an effectively instantaneous response time; the data points were recorded every 10 ms. Tay and Thorpe (2002 , 2004 , 2014 set up their experimental rig based on their defined control volume analysis of a horizontal pipe bend as shown in Figure 4 . Following this, the control surfaces of analysis were placed through the 3 mm gaps in the bellows to eliminate the force in the pipe metal ( stress F ). Ideally, pressure at these locations should be measured in order to be able to calculate the pressure-area terms as proposed by Tay and Thorpe (2002 , 2004 , 2014 in their Piston Flow Model (PFM):
(3) Figure 4 Pipe bend flow in horizontal plane with a defined control volume of analysis.
However, it is difficult to install pressure transducers on/through the bellows. Therefore the pressure transducers were placed at a distance 55 mm from the 3 mm gaps (see Figure   2 ) before and after the bend, respectively. The pressure profiles measured at these Linear calibration relations were obtained between water level and output voltage. Tay and Thorpe (2014) discussed the detailed setup of these conductance probes. The first two probes were located 2.5 m (conductance probe 1) and 0.5 m (conductance probe 2) before the bend, providing information on the slugs entering the bend. The other conductance probe was placed 0.5 m after the bend, providing information on slugs leaving the bend.
Slug velocity ( s u ) was obtained by dividing the distance between two conductance probes, by the time taken for the liquid slug front to travel through these two points.
Liquid heights at these locations rose when a liquid slug front arrived as shown in Figure   6 . Liquid hold-up was calculated as:
 and h are shown in Figure 5 . All the measuring devices were connected to a PC where the data were recorded using a data acquisition program.
Experimental results: Statistical analysis of forces on pipe bend

Experimental force traces
A typical resultant force trace is given in Figure 6 . The peak (resultant) force, . To obtain the above plots, magnitudes of the peak , R F acting on the bend were distributed into classes having the same size, for the range of magnitude measured (0-150 N) i.e. were calculated, respectively, as:
The frequency for each class was then calculated as:
Finally, the normal distribution curve was obtained by plotting the i f against 
The results obtained from the 6-minute tests suggested that there is an uncertainty in the mean R, F and deviation standard , R F obtained from the normal distribution analysis although it is believed the 'distribution' at the lower range of forces were slug precursors. To prove this conclusion is sensible, the experiments have therefore been repeated with the test duration increased from 6 minutes to 30 minutes. 
30-minute tests
Prediction by the Piston Flow Model (PFM)
Experimental results compared with prediction by the Piston Flow Model (PFM)
The experimental result and distribution analysis of the peak R, F s acting on pipe bends have shown that the peak force data collected can give a prediction of the peak R, F distribution to be expected throughout the operating duration.
On the other hand, the Piston Flow Model (PFM) proposed by Tay and Thorpe (2002 , 2004 , 2014 has shown to be able to predict the maximum force, ) and, assumed one, average, value of pressure applies at all points of the cross section of the pipe. As discussed by Tay & Thorpe (2002 , 2004 , 2014 , the prediction of slug lengths is still under research; the measured slug length is used in PFM calculations.
The PFM prediction is compared with the experimental results from 6-minute tests and 30 minute tests in Figure 31 It is certainly common for a system to operate at variable flow rates. Under this circumstance, a few plots such as that in Figure 32 at the corresponding operating flow rates and conditions must be considered. A similar phenomenon in the maximum force measurements was reported (Tay and Thorpe, 2014) . It was shown that this is due to the bubbles in the liquid slug i.e. the liquid hold-up in the liquid slug was significantly lower than one; in effect the density in the liquid slug is less than density of the liquid used. 
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As discussed, Thorpe (2004, 2014) adjusted their force measurements for the corresponding liquid hold-up measured for air-water flow and this adjustment brought the force measurements back to the PFM line. Following the same method, the measured liquid hold-up ( Figure 34 ) is used to adjust the force measurements by plotting L mean R, H F against s j as shown in Figure 35 . Figure 35 shows that the data, HL [ ] Current study. Gregory (1978) . Malnes (1982) . Figure 34 Liquid hold-up in the liquid slug body measured in the current study in comparison to the predictions of Gregory (1978) and Malnes (1982) . (Gregory et al., 1978 and Malnes, 1982) . Gregory et al. (1978) 33 and its multiplier is dimensional i.e. 8.66, it is frequently used because of its simplicity. Malnes (1982) based his correlation on the same data as Gregory et al. (1978) proposed that:
Figure 35
It is not clear how Malnes (1982) does this since only oil was used, L  and  were not varied. Malnes (1982) also predicts no effect of pipe size and inclination. Figure 34 shows the experimental data obtained in the current study, in comparison to the predictions of Gregory et al. (1978) and Malnes (1982) ; although the agreement is not encouraging, these are the most frequently used correlations. is also a linear function of s j , see Figure 37 . Linear regression gives the best line to the experimental data:
where the variation of 15 . 0  is the upper/lower bound shown in Figure 37 , which was identified by shifting the best fit line up/down to cover all the data points. In Figure 37 , a best fit line forced through the origin is shown to check if it is possible to predict mean R, deviation standard R, F F that gives zero value when there is no flow in the pipe.
Statistical analysis has been done to check this possibility. In practice, a confidence level of 95% is customary; therefore, confidence level of 95% was checked.
In Equation (16), the mean of the intercept at the ordinate was determined as
which has a standard error,
. Details to obtaining C  are given in Appendix.
Therefore, forcing the best fit line through the origin is not recommended.
It is shown that the can be predicted from Equations (13), (14) and (15) 
Conclusions
Statistical analysis of the peak (resultant) forces acting on a pipe bend has shown that the repeated forces acting on pipe bends due to slug flow can be described by normal distribution function; square roots of the mean of the peak ( was found to be a function of s j . Therefore, the probability of the maximum forces (predicted from Piston Flow Model) and 'cumulative damage' can be calculated; this allows prediction of the fatigue life limit of a pipe bend or pipe fittings in slug flow.
Appendix
Metal Fatigue and Example of Fatigue Life Estimation
Fatigue fractures are due to repeated tensile stresses at levels much below the metal's ultimate tensile strength. They are caused by the simultaneous action of cyclic stresses, tensile stresses, and plastic strain.
A metal's fatigue strength will be less than its yield strength, as determined in a tensile test. In fatigue tests, failure is always a brittle fracture. Because stresses applied are usually less than yield strength, the material, even though it is ductile, has not stretched or otherwise deformed significantly when failure occurs. Fatigue strength is defined as the stress at which failure occurs in a definite number of cycles. Fatigue fracture depends on the number of repetitions in a given range of stresses rather than upon total time under load. Speed has almost no observable effect.
In the case of steels it is found that there is a critical stress called the endurance limit, below which fluctuating stresses cannot cause a fatigue failure; titanium alloys show a 37 similar phenomenon (see Figure A .1). No such endurance limit has been found for other non-ferrous metals and other materials. can be obtained from Figure A. 1.
As shown in Figure A .2 for the bend with 2 mm wall thickness, forces on the bend due to slug flow at the given flowing conditions are far below N F limit endurance 6134  . Hence,
even though the total number of peak force cycles are high (see Table A . 1).
Although it is not a realistic case but for the purpose of illustration, a bend with 0.01 mm wall thickness is given as an example in Table A 
for a finite number of peak force cycles depending on the operating conditions and the frequency of forces acting on the bend due to slug flow (see Table A . 2).
This information provides a basis for considering flow system design. An operator can use this information to estimate a conservative value for the remaining life span of a bend based on operational data, if available. 
Checking the possibility of forcing a best fit line through the origin in Figure 37
The data plotted in Figure 37 is tabulated as follows: Kirkup (1994) reported that for a best fit line of 
where Y  is the uncertainty in each Y value of the data point, which was given as:
The reason that 2  n appears in the denominator of Equation (A4) 
Angular coordinate in polar coordinates (see Figure 4) [ rad ] (2) and Equation (3)) i Integer number i -th (other than in Equation (2) and Equation (3) 
Subscripts
